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Edited by Miguel De la RosaAbstract Detailed structural models of di-cluster seven-iron
ferredoxins constitute a valuable resource for folding and stabil-
ity studies relating the metal cofactors role in protein stability.
The here reported, hemihedric twinned crystal structure at
2.0 A˚ resolution from Acidianus ambivalens ferredoxin, shows
an integral 103 residues, physiologically relevant native form
composed by a N-terminal extension comprising a His/Asp
Zn2+ site and the ferredoxin (bab)2 core, which harbours intact
clusters I and II, a [3Fe–4S]1+/0 and a [4Fe–4S]2+/1+ centres.
This is in contrast with the previously available ferredoxin struc-
ture from Sulfolofus tokodai, which was obtained from an artiﬁ-
cial oxidative conversion with two [3Fe–4S]1+/0 centres and poor
deﬁnition around cluster II.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Hyperthermophilic organisms possess intrinsically highly sta-
ble metalloproteins, which constitute excellent working models
for conformational stability studies addressing the role of metal
sites [1–7]. The family of di-cluster seven-iron ferredoxins [8]
(Fd), found among the hyperthermophilic members of the
Archaeal order of theSulfolobales (Topt = 65–85 C), is an exam-
ple of such proteins. They are small (100 residues) iron–sulfur
proteins containing one [3Fe–4S]1+/0 (cluster I) and one [4Fe–
4S]2+/1+ cluster (cluster II) [9,10] in addition to a Zn2+ site [11],
which is absent in some ferredoxins of this family lacking the
Zn ligands [8,12]. These proteins are usually highly abundant
in the cytosol of the host organisms, which allowed EPR studies
to establish the biologically active relevance of the [3Fe–4S]1+/0
centres [9], in opposition to the possibility that they would have
arisen from oxidative damage of [4Fe–4S]2+/1+ clusters [13,14].
Theﬁrst seven-irons ferredoxin crystal structure fromSulfolobusAbbreviations: AaFd, Acidianus ambivalens ferredoxin; a.u., asymmet-
ric unit; ADP, atomic displacement parameter; StFd, Sulfolobus
tokodaii seven-iron ferredoxin
*Corresponding authors. Fax: +351 214433644.
E-mail addresses: frazao@itqb.unl.pt (C. Fraza˜o), carrondo@
itqb.unl.pt (M.A. Carrondo).
0014-5793/$34.00  2008 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2008.01.041tokodaii (formerly Sulfolobus strain 7) (StFd), revealed the pres-
ence of an as yet unknown zinc site, whose ligands clamp diﬀer-
ent regions of the protein [11]. However, this structure resulted
from an oxidative corruption of the native form, resulting in
two [3Fe–4S]1+/0 centres [11], which prompted several studies
attempting to explain the discrepancy between the native and
the oxidative damaged form [15,16]. Additionally, the lack of
clarity of the maps at cluster II and its vicinity, according to
the authors [11], further weakened the quality of the structure
in respect to the analysis of the iron–sulfur centres.
In this report of the Acidianus ambivalens ferredoxin (AaFd)
structure, we present the structure of the integral native, phys-
iologically relevant form aiming at bridging the gap in respect
to structural data on these proteins. This latter aspect is partic-
ularly interesting in the framework of the role of the iron–sul-
fur centres in the stabilization of the protein fold [3].2. Materials and methods
2.1. Protein puriﬁcation
A. ambivalens cells were grown as described in [9] and the AaFd was
puriﬁed as in [9] with the modiﬁcations reported in [8]. The protein was
immediately used for crystallization without intermediate storage at
20/80 C. Metal analysis was carried out by total reﬂection X-ray
Fluorescence, for which Prof. B.O. Kolbesen (Johann Wolfgang Goe-
the-Universita¨t, Frankfurt, Germany) is gratefully acknowledged.
2.2. Crystallization and diﬀraction data collection and processing
Needle like crystals were obtained by the vapor diﬀusion method
using 2 ll drops of freshly puriﬁed protein plus 2 ll of well solution
2.4–3.0 M ammonium sulphate buﬀered with Tris–HCl 0.1 M, pH 8,
and 0.5 ll of Lauryldimethylamine-oxide (LDAO) 7% (w/v). The nee-
dles (0.05 mm thickness, 1–2 mm long) were cut in smaller fragments,
cryostabilized in a solution similar to that in the well but including
glycerol 25% (v/v), and exposed to synchrotron X-ray radiation at
beam-lines ID14-EH1 and -EH3, ESRF, Grenoble, at 110 K. Several
data sets were obtained by exposing diﬀerent volumes of the crystals,
upon needle translations. Diﬀraction intensities were examined, pro-
cessed and merged with the HKL package [17] (Table 1), and Shelxs
[18] was used to diagnose crystal twinning directly from intensities.
A set of 2491 intensities (4.8%) from thin resolution shells were deﬁned
for Rfree purposes using Shelxpro [18].2.3. Structure determination, reﬁnement and analysis
The phase problem was determined by molecular replacement with
program AMoRe [19] using the StFd model (PDB entry 1XER) [20].
The asymmetric unit (a.u.) positioned models were pruned to poly-
Ala/Gly followed by iterative reﬁnement and manual completion in
steps of increasing resolution shells. The reﬁnement was performed
with Shelxl [21] applying the twin law ½100; 110; 001 with the
twin ratio restrained to an initial estimate of 0.35 until reﬁnementblished by Elsevier B.V. All rights reserved.
Table 1
Diﬀraction data and reﬁnement statistics
Diﬀraction
Space group P31
Wavelength (A˚) 0.933
Cell dimensions (A˚) a = b = 116.9, c = 50.7
Resolution (outer shell) (A˚) 19.48–2.01 (2.07–2.01)
Number of unique intensities 52,106
Redundancy 2.2
Completeness (outer shell) (%) 99.2 (99.6)
Rpim
a (outer shell) (%) 7.1 (35.9)
R = R b (outer shell) (%) 10.9 (54.2)
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in addition to polypeptide stereochemistry restraints [22], also NCS
similarity restraints to 1–4 distances (dihedrals) and to atomic displace-
ment parameters (ADPs) between homologous atoms among the inde-
pendent molecules of the a.u., while the stereochemistry of metal
centres and their ligands were restrained to a common geometry with-
out target values. The ﬁt between molecular models and electron den-
sity, stereochemistry corrections, and model completion were
performed on a graphics workstation using Xﬁt [23]. The stereochem-
istry was assessed using Procheck [24]. Fds superpositions were per-
formed with Modeller [25] using a radius cut-oﬀ of 1.75 A˚ for
homologous Ca positions.meas rim
Rsym
c (outer shell) (%) 8.1 (40.1)
ÆIæ/rÆIæ (outer shell) 9.9 (2.5)
Wilson B (A˚2) 19.5
Æ|E2  1|æ 0.642
Estimated twinning ratio 0.35/0.65
Reﬁnement
Rwork
d (I > 2r(I)) (%) 22.0 (20.4)
Rfree
e (I > 2r(I)) (%) 27.3 (25.8)
R (I > 2r(I)) (%) 21.5 (19.9)
Number of protein atoms 5174
Number of heterogen atoms 112
Number of solvent water molecules 109
Average protein ADP (A˚2) 30
Average solvent waters ADP (A˚2) 27
Reﬁned twinning ratio 0.39/0.61
Number of residues in Ramachandran plot
Most favoured (%) 494 (85.0)
Additionally allowed (%) 81 (14.8)
Generously allowed (%) 1 (0.2)
Protein stereochemistry
R.M.S bond distance (A˚) 0.006
R.M.S. angle distance (A˚) 0.018
R.M.S. plane distance (A˚) 0.024
aRpim =
P
h[1/(N  1)]1/2
P
i|Ii(h)  ÆI(h)æ|/
P
h
P
iIi(h), where I is the
observed intensity and ÆIæ is the average intensity of multiple obser-3. Results and discussion
3.1. Archaeal di-cluster ferredoxins
A BLAST database search within the Archaea domain using
the AaFd as seed sequence outputs roughly 20 distinct se-
quences which comprise the di-cluster Archaeal seven-iron fer-
redoxin family [12]. These proteins are characterised by highly
identical Fds containing a 30 amino acid residues N-terminal
extension with or without Zn2+ ligands, sometimes in the same
organism such as S. metallicus [6,8] and A. ambivalens itself
[12]. Studies on the redox properties of Fds showed that,
whereas the trinuclear centre has a 250 to 310 mV reduc-
tion potential, the tetranuclear one is more negative,
550 mV [8–10], which led to the suggestion that this centre
would have a structural rather than a functional role [11]. In
recent years, the involvement of the metal centres (Fe–S and
zinc) in ferredoxin unfolding has been intensively investigated
(e.g. [3,6,26–28]). An initial observation made on AaFd sug-
gesting that the FeS clusters would undergo interconversions
via aconitase-like linear [3Fe–4S] clusters [29], further extended
to a series of other FeS proteins (e.g. [30–32]), was subse-
quently clearly disproved [1,3].
vations from symmetry-related reﬂections. Calculated with program
RMERGE [37], it is an indicator of the precision of the ﬁnal merged
and averaged data-set.
bRrim = Rmeas =
P
h[N/(N  1)]1/2
P
i|Ii(h)  ÆI(h)æ|/
P
h
P
iIi(h), where I
is the observed intensity and ÆIæ is the average intensity of multiple
observations of symmetry-related reﬂections. Calculated with program
RMERGE [37], it is an indicator of the average spread of the indi-
vidual measurements.
cRsym =
P
h
P
i|Ii(h)  ÆI(h)æ/|
P
h
P
iIi(h), where I is the observed inten-
sity and ÆIæ is the average intensity of multiple observations from
symmetry-related reﬂections. Calculated with Scalepack [17].
dRwork =
P
h||Fo|h  |Fc|h|/
P
h|Fo|h, where Fo and Fc are the observed
and calculated structure factors, respectively.
eRfree computed as in Rwork, but only for 2491 (4.8%) randomly se-
lected reﬂections, which were omitted in reﬁnement.3.2. Structure determination, reﬁnement and ﬁnal model of the
AaFd
All measured diﬀraction data sets showed statistics of
twinned crystals [18]. Although they all belong to trigonal
P31/3 space-group, their self-rotation function showed a two-
fold rotation peak with intensities until 98.5% of the origin,
indicating pseudo 321 symmetry. The Merohedral Crystal
Twinning Server (http://www.doe-mbi.ucla.edu/Services/Twin-
ning) [33] was used to estimate their twinned domains volumes
fractions, which varied for the diﬀerent needle regions exposed
to X-rays, in the range 0.35–0.42. In order to minimize the loss
of information reliability introduced by twinning, the diﬀrac-
tion set with lower twinning ratio was chosen for the subse-
quent crystallographic studies. Molecular replacement led to
a clear solution for space-group P31 and six molecules in the
a.u., with CC = 42.4/35.3/33.9% and R = 40.2/42.5/42.5% for
the solution and following two false hits, respectively, but no
solution was found when searching for seven molecules in
the a.u., which would correspond to a solvent content of
33.6% (v/v). The initial maps immediately showed that the
[4Fe–4S]2+/1+ cluster had remained intact upon crystallization,
with its four iron atoms visible in the six copies of the a.u.,
although the search models only contained [3Fe–4S]1+/0 clus-
ters. Following completion of the six ferredoxin models the
reﬁnement converged to Rwork/Rfree = 24.0/30.6%. However,
further inspection of the maps revealed that in addition to theirhigh noise levels, signiﬁcant density clouds had remained unex-
plained in putative crystal solvent regions. Although no pro-
tein secondary structure could be recognized, the relative
spatial distribution of the highest density peaks showed strik-
ing similarities with the relative distribution of the three metal
centres. Accordingly, a seventh molecule was tentatively
appended to the model. It packed without clashes against the
already reﬁned molecules, and produced a signiﬁcant improve-
ment in reliability factors upon further reﬁnement, Rwork/
Rfree = 22.0/27.3%, and ﬁnal R = 21.5% with all data included.
The ﬁnal models contain the 7·103 aminoacid residues of A.
ambivalens Fd (Fig. 1A), their integral [3Fe–4S]1+/0 and
[4Fe–4S]2+/1+ clusters together with the Zn2+ sites (Fig. 2),
and 113 solvent water molecules (see Table 1 for further de-
Fig. 2. 2.0 A˚ resolution 2m|Fo|-D|Fc| sigmaA [38] Fourier maps of
electron density at 1.5r (cyan mesh) and 8r (red mesh), at metals
centres and coordinating ligands. The 4Fe–4S (A) and Zn (B) centres
with respective ligands are plotted as sticks, with carbon in yellow,
nitrogen in blue, oxygen in red, sulfur in green, iron in orange and Zn
in cyan.
Fig. 1. Structure of the A. ambivalens ferredoxin. (A) Cartoon of the
AaFd structure colored from blue (N-term) to red (C-term). (B)
Topology diagram with b-chains as triangles and helices as circles,
highlighting in white the N-terminal extension (residues 1–38) and in
grey the canonical 2·(bab) ferredoxin fold (residues 38–103), whose
second helix shows a kink which includes a 310-helix insert, in white.
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showed that 85.0% of the residues are located in the most fa-
voured, 14.8% in the additionally allowed, and 0.2% in the
generously allowed regions of the Ramachandran diagram.
Diﬀraction data and coordinates were deposited at Protein
Data Bank, entry code 2vkr.
3.3. Overall protein structure
The structure of AaFd (Fig. 1) contains an extended anti-
parallel b-sheet, spanning over the entire protein and including
three b-strands (b1–3) of the N-terminal extension and two fur-
ther b-strands (b4 and b7) of the core region. The core region
also contains a second, smaller, anti-parallel b-sheet (b5 and
b6), approximately perpendicular to the larger extended sheet,
separating the Zn2+ binding region from the Fe–S clusters.
These are nested between the helices that ﬂank the core region
and the two sheets. The structure is characteristic of prokary-
otic di-cluster ferredoxins. In fact, the R.M.S.D. between the
Ca atoms of one of the AaFd molecules and those of a set of
di-cluster ferredoxins (S. tokodaii, PDB:1xer [20]; Thermusaquaticus, PDB:1h98 [4]; Clostridium acidurii, PDB:1fca [34];
and Azotobacter vinelandii, PDB:6fd1 [35]) varies in the range
0.3–1.3 A˚ [25], being StFd, as expected, the structure closest to
the AaFd. Their R.M.S.D. are undistinguishable from those
among the seven AaFd molecules in the a.u., 0.3–0.5 A˚.
3.4. Zinc coordination and the N-terminal extension
The AaFd N-terminal extension provides the ligands for a
zinc centre, which is exceptional among archaeal ferredoxins.
The metal has a tetrahedral coordination, with three His and
one Asp as ligands. The electron density clearly deﬁnes this
fully occupied metal centre (Fig. 2B), in accordance with the
chemical analysis (0.8 ± 0.2 Zn2+/mol). The His16, His19 and
His34 imidazole ligands are provided by the extended sheet,
and their bonding distances reﬁned to 1.79, 1.91 and 2.03 A˚,
averaged, respectively, through the seven molecules, compara-
ble with standard values of d(Zn–N) = 2.00 (range 1.97–
2.04 A˚) [36]. The carboxylate ligand, Asp76, is located in the
shorter sheet with the carboxylic oxygen at an average
1.90 A˚ bonding distance to the zinc, again comparable
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arrangement of this terminal extension suggests that it plays
an important role in ferredoxin conformational stability.
Site-directed mutagenesis studies have shown that the zinc cen-
tre stabilizes the protein at high temperatures [27,28]. Interest-
ingly, ferredoxin isoforms with and without the zinc centre and
ligands have been reported in Sulfolobus metallicus [8] and in
A. ambivalens [12]. Investigation of the conformational proper-
ties of the zinc-containing (FdA) and zinc-lacking (FdB) pro-
teins from S. metallicus have shown that the Zn2+ lacking
isoform was more stable than its Zn2+ containing counterpart:
a DTm  9 C was determined at pH 7 [6]. Although it is
known that the Zn2+ site contributes to ferredoxin stability,
FdB has devised a structural strategy that accounts for an en-
hanced stability without using a metal cross linker: a localized
stabilizing hydrophobic core is involved in such a stabilization,
thereby illustrating a natural strategy for fold maintenance [6].
3.5. Structural analysis of the intact iron–sulfur centres in AaFd
So far, structural information in archaeal ferredoxins was
limited to a non-physiological protein form with an intact
[3Fe–4S]1+/0 centre, but with the [4Fe–4S]2+/1+ centre damaged
by oxidation and converted into a [3Fe–4S]1+/0 centre [11]. The
protein used in this study contained 6.6 ± 0.5 Fe/mol and
showed EPR spectra characteristic of each type of centres
(not shown), strongly suggesting that the iron–sulfur centres
were intact, as corroborated by the X-rays diﬀraction analysis.
The irons of each cluster are bound to the polypeptide chain
via Fe–S bonds to Cys residues 45, 51 and 93 for cluster I,
and to Cys residues 55, 83, 86 and 89 for cluster II. Although
the obtained maps clearly show well deﬁned densities and
respective ligands for each of the seven independent molecules,
the ADPs of cluster I are systematically lower (26 A˚2) than
those of cluster II (31 A˚2), an indication of a potential lower
structural stability of the later [11].
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